Electrostatic repulsive force among human red blood cells (RBCs) was observed by macromolecules-induced RBC aggregation and RBC flow behavior in narrow tube, by reducing the sialic acid content of RBCs with neuraminidase. The electrophoretic mobility of the RBCs was proportional to the sialic acid content. (1) When the sialic acid content was reduced, the RBC aggregation observed with a low shear rheoscope was enhanced with fibrinogen (MW=340,000), Ig G (MW=160,000) or Dextran T-70 (MW=70,400), but did not without the macromolecules. In coexistence of normal cells, sialic acid-reduced cells settled significantly faster, possibly due to their preferential aggregation by the macromolecules.
INTRODUCTION
RBC aggregation is, in particular in low shear venous regions, concerned to pathogenesis of various diseases.
2),7), 8) As generally recognized, the RBC aggregation is accelerated by the increase of high molecular weight substances in plasma, such as fibrinogen, immunoglobulins, pathological proteins, infused dextrans and so on. 7),9), 10) The aggregation is also affected by morphological and biochemical characteristics of RBCs. It is well known that sialic acid residue in RBC membrane glycoproteins (i.e., the surface negative charge of the cells) provides an electrostatic repulsive force among RBCs, 11) and that the removal of sialic acid from the RBC surface accelerates RBC aggregation by macromolecules.
12), 13) Furthermore, the acceleration of RBC aggregation results in an increase of the thickness of cell-free layer in narrow tubes 14) and in microvessels. 4 ),5) * To whom correspondence should be addressed.
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Sialic acid-rich glycoproteins such as glycophorins and band 3 are abundant in RBC membrane. The sialic acid content is reduced in RBCs in diabetes mellitus 15) , acute myocardial infarction 16) and so on, due to the increased sialidase activity in circulatory system, and also reduced in acquired sialic acid-deficient RBCs. 17) Therefore, the hemodynamic analyses of sialic acid-reduced RBCs are important for understanding the circulatory disturbance in these pathological conditions.
In this paper, the effect of sialic acid (i.e., electrostatic repulsive force) on the RBC aggregation in several pathophysiological conditions and the flow behavior of the RBCs in narrow flow channels of 20-50 µm in inner diameter is summarized mainly on the basis of our studies, and the impairment of oxygen transport to tissues in microcirculatory system is discussed.
EXPERIMENTAL

Sialic Acid-Reduced RBCs
Fresh human RBCs from a healthy donor were washed with isotonic phosphate-buffered saline (PBS: 50 mM sodium phosphate, 90 mM NaCl, 5 mM KCl, 6 mM D-glucose, pH 7.4, 285 mOsmo1) three times, and the cells were suspended in the isotonic PBS containing 40 g/l bovine serum albumin.
To reduce sialic acid content, washed cells (20% hematocrit) were treated with 0-90 mU/ml neuraminidase in isotonic PBS at 37°C for 60 min. 13) The cells were washed twice again with cold isotonic PBS to remove the enzyme. The RBCs were characterized by the RBC indices (mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC)) using the standard technique, and the shape with a scanning electron microscope and/or a light microscope after fixing with 1% glutaraldehyde and then with 1% osmium tetroxide.
13)
Sialic Acid Content and Electrophoretic Mobility
The sialic acid content in RBCs was determined for the membrane ghosts prepared in hypotonic condition and then treated with 0.1 N su1furic acid, using the thiobarbituric acid method. 13 
Rheological Properties
RBC deformation
The deformability of RBCs was determined at 25 °C using a high shear rheoscope combining an inverted microscope, a transparent cone-plate viscometer and a flash light. 18 
RBC aggregation
The process of RBC aggregation under a constant shear rate (usually 7.5 s −1 ) was determined at 25 °C using a low shear rheoscope composed of a transparent cone-plate viscometer and an inverted microscope. 19) To induced RBC aggregation, 
RBC sedimentation
The Westergren method was adopted for the measurement of RBC sedimentation with some modifications. 
Flow Dynamics of RBCs
A system shown in Fig. 1 
RESULTS
Sialic Acid Content in RBCs and the Electrophoretic Mobility
Neuraminidase easily removed 70-90% of total sialic acid from RBCs, but 10-30% was resistant to the treatment. (designated as "N-cells"). 13) In another subject, the content of 
Rheological Properties
Shape of RBCs affects the cellular deformability and the cell aggregation. 19 ),23) The normal biconcave-disc shape, the RBC indices and the deformation index were not significantly altered by neuraminidase treatement. RBCs with different sialic acid content (amoles (10 −18 moles)/ cell) were obtained by treating with 0-90 mU/ml neuraminidase. RBC aggregation was induced in 70% autologous plasma + 30% isotonic PBS (pH 7.4) (closed triangle), 13) and in isotonic PBS containing 3 g/l fibrinogen (open circles) and 20 g/l Dextran T-70 (closed circles) supplemented with 5 g/l bovine serum albumin. 20) Measured at 25 °C. 
18)
Cell-Free Layer Thickness
The cell-free layer observed in a microvessel of rabbit mesentery was thicker in N-than in C-cells. Namely, the axial 25)
The thickness of cell-free layer was greater in N-cells than in C-cells (Fig. 6A) . 20) The thickness for both C-and N-cells increased with increasing mean linear velocity, and the effect was much greater in the N-cells than in the C-cells in pH 6.4-8.0 (Fig. 6B) . The cell-free layer thickness increased markedly in the N-cells with decreasing pH, but it was hardly affected in the C-cells.
In the presence of Dextran T-70, the cell-free layer thickness became wider for both C-and N-cells (Table I) . 20) In these experimental conditions, the rate of rouleaux formation The rate of rouleaux formation was measured at a shear rate of 7.5 s
.
20)
The cell-free layer thickness (mean ± SD, n=24) was determined at a mean linear velocity of υ = 1. 
DISCUSSION
Role of Sialic Acid in RBC Aggregation
It is generally accepted that not only the biochemical characteristics of macromolecules in suspending medium but also the morphological, biochemical and rheological properties of RBCs, and thus the complex interactions between the macromolecules and the cells contribute to RBC aggregation, 26) regardless of "bridging" and "depletion" 
Sialic Acid and in Vivo Aging of RBCs
Cell-age associated acceleration of RBC aggregation was observed with a low-shear rheoscope. 28) Low-density and high-density RBCs fractionated by density-gradient centrifugation were assigned to young cells and aged cells, respectively, according to their enzymatic activities, morphological characteristics and cellular deformability.
28),29)
The content of sialic acid in aged cells was about 10% less than that in young cells, but the negative charge density on RBC surface was not significantly altered during the aging. 
Sialic Acid and RBC Flow in Microvessels
The flow behavior of RBCs in microvessels is affected by various rheological properties of RBCs.
2) The marginal cellfree layer, a measure of flow behavior of RBCs, is formed by the axial accumulation of deformable RBCs in shear flow.
1),2)
Physiologically, the cell-free layer is related to the decrease of hematocrit in microvessels (i.e., Fahraeus effect), 34) and thus to the reduction of flow resistance (i.e., Fahraeus-Lindqvist effect).
2), 35) As demonstrated here, the reduction of electrostatic repulsive force increases the thickness of the marginal cell-free layer due to enhancement of axial migration of RBCs. 20) The phenomenon was more effective at acidic pH, and it was further enhanced by RBC aggregation. The removal of sialic acid (pK of the carboxyl group, 2. 6 11) ) certainly reduces the negative charge density on RBC surface, but carboxylic acid of pK 3.4 of the membrane proteins (30-50% of the total negative charge) still remains. 36) In addition, the artificial removal or the pathological reduction of sialic acids may induce conformational changes of the membrane proteins. 37) These structural changes might form thicker cell-free layer in acidic pH. The phenomena cannot be attributed to pHdependent change of the cell volume (MCV), because of no pH dependency of cell-free layer thickness in C-cells: the MCV at pH 6.4 is 12% larger than that at pH 7.3, while the volume at pH 8.9 is 4% smaller. 38) In addition, larger RBCs form thinner cell-free layer. 39) Furthermore, different response of C-cells and N-cells to the increment of cell-free layer thickness with Dextran T-70 was observed (Table I) :
relationship between the cell-free layer thickness (T, µm) and the rate of rouleaux formation (V, µm Firstly, the effect of RBC aggregation on the oxygen release was examined by lowering oxygen tension around the oxygenpermeable narrow tube. When RBC aggregation was induced in flow with Dextran T-70, the cell-free layer thickness was increased (thus the RBC core diameter was reduced), 5) and the oxygen release from flowing aggregated cells was definitely reduced. 42) Secondary, the effect of RBC accumulation on the oxygen release was examined by applying accelerational force perpendicularly to the flow direction of cells using a newly constructed centrifuge apparatus. 43) With increasing the gvalue, flowing RBC column shifted to the centrifugal side and compressed (i.e., the thickness of cell-free layer was decreased on centrifugal side, while it was increased on centripetal side), and the oxygen release from the cells was suppressed. The influence of accelerational force on the oxygen release was more prominent at lower hematocrit (i.e., anemic condition). 
CONCLUSION
